1. Carbonyl products were separated and identified in suspensions of rat liver microsomal fractions and in isolated hepatocytes, after stimulation of lipid peroxidation by incubation with the pro-oxidants CC14 and ADP-iron. 2. The carbonyl products were allowed to react with 2,4-dinitrophenylhydrazine, and the derivatives were extracted and separated by t.l.c. into three zones of non-polar materials, and one fraction of polar derivatives that remained at the origin. Separation of the individual non-polar hydrazones in each zone by h.p.l.c. demonstrated that zone I prepared from microsomal fraction or hepatocytes incubated with CC14 or ADP-iron contained mainly 4-hydroxyhex-2-enal, 4-hydroxynon-2-enal and 4-hydroxynona-2,5-dienal. Zone III consisted mainly of the alkanals propanal, pentanal and hexanal, the 2-alkenals propenal, pent-2-enal, hex-2-enal, hept-2-enal, oct-2-enal and non-2-enal, the ketones butanone, pentan-2-one and pentan-3-one, and deca-2,4-dienal. 3. Incubation of a microsomal fraction with ADPiron was much more effective in producing malonaldehyde and other carbonyl products than an incubation with CC14. Despite such quantitative differences, there were no obvious qualitative differences in the h.p.l.c. spectra obtained from zones I and III. However, the stoichiometric evaluation of fatty acid loss and the production of malonaldehyde and other carbonyls suggests that the pathways of lipid peroxidation triggered by CC14 and ADP-iron are different. 4. The accumulation of carbonyl products of lipid peroxidation in isolated hepatocytes is strongly affected by their metabolism; in particular, 4-hydroxyalkenals were found to be metabolized very rapidly. Nonetheless, both CC14 and ADP-iron produced stimulation in the production of malonaldehyde and non-polar carbonyl production. 5. After incubation of rat hepatocytes with CCl4 or ADP-iron it was found that approx. 50% of the total amount of non-polar carbonyls produced during incubation escaped into the external medium. This was not leakage from dead cells, as 90-95% of the hepatocytes had retained their integrity at the end of the incubation. Release of carbonyl products from cells stimulated to undergo lipid peroxidation may be a mechanism for spreading an initial intracellular disturbance to affect critical targets outside the parent cell.
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The administration of CC14 to rats (Cameron & Dianzani, 1978) , and it is established that CC14 has Karunaratne, 1936) and to many other species of to undergo a metabolic activation in the endoanimals produces centrilobular necrosis and fatty plasmic reticulum in order to produce its full range degeneration of the liver. The hepatotoxic actions of toxic effects (Recknagel, 1967; Slater, 1982) . of CC14 have been extensively studied in the rat Metabolic activation results in the formation of the (for background references see Slater, 1972;  trichloromethyl radical, which can be detected by
Vol. 227 the e.s.r. spin-trapping technique (Tomasi et al., 1983; Poyer et al., 1980; Albano et al., 1982) . The trichloromethyl free radical reacts quickly with molecular°2 to produce the peroxy radical adduct, which has much greater chemical reactivity (Packer et al., 1978) . The trichloromethylperoxy radical reacts readily with polyunsaturated fatty acids such as arachidonic acid (Forni et al., 1983) ; one reaction that occurs is hydrogen abstraction, which is the first step in the process whereby CC14 stimulates lipid peroxidation. A stimulation of lipid peroxidation by CC14 has been demonstrated in liver homogenates (Comporti etal., 1965) , in liver microsomal suspensions (Slater, 1967; Slater & Sawyer, 1971) , in isolated hepatocytes (Poli etal., 1979) and in vivo (Recknagel & Ghoshal, 1966; Jose & Slater, 1972) .
It is known that lipid peroxidation results in a wide range of carbonyl products, some of which are extremely reactive towards biomolecules (Schauenstein, 1967; Dianzani, 1982) . The aldehydes produced upon stimulation of lipid peroxidation by a mixture of ADP and an iron salt (ADP-iron) in liver microsomal fraction (referred to below simply as 'microsomes') have been separated successfully by h.p.l.c., and most have been identified . Although increased amounts of carbonyls have been detected bound to microsomal phospholipid and protein after intoxication of rats with CC14 and with CBrCl3 (Benedetti etal., 1982) , and a complex mixture of carbonyls is known to be produced upon peroxidation of liver microsomes by CC14 , the identity of these bound and free carbonyls has not been ascertained before the present study.
In this paper we have applied a modification of our previously developed experimental techniques to an analysis of the carbonyl products of CCl4-stimulated lipid peroxidation in rat liver microsomes and in isolated rat hepatocytes. In our view it is important to demonstrate the production of such carbonyls within the cell, to monitor their metabolism and their reaction with cell components, together with their ability to escape into the extracellular fluid, in *order to assess the implications of their production in relation to the overall patterns of disturbance produced by CC14. Our objectives were to determine if exposure to CC14 produces (i) significant amounts of aldehydes other than malonaldehyde, (ii) biologically important concentrations of 4-hydroxylalkenals and (iii) different patterns or amounts of aldehydes compared with lipid peroxidation stimulated by ADP-iron, which is known to be associated with quite distinct features of cytotoxicity (Poli et al., 1983) , and to determine (iv) if intact hepatocytes behave similarly to microsomal suspensions with respect to the preceding three points.
Experimental

Materials
Chemicals were obtained from Boehringer Mannheim (NADP+, ADP, glucose-6-phosphate dehydrogenase) and Sigma Chemical Co. (nicotinamide, glucose 6-phosphate). Solvents, t.l.c. plates and all other chemicals (analytical grade) were purchased from Merck. Male Wistar rats (180-200g body wt.) were used; they were fed on standard laboratory diets (Tagger and Co., Graz, Austria, and Piccioni, Brescia, Italy).
Incubation procedures
Microsomes were prepared from rat livers as described by Slater & Sawyer (1971) after the animals had been deprived of food overnight (16h). Microsomal incubations were carried out in the presence of CC14 (8.6mM) or ADP-iron (1.6mM-ADP, 18pM-FeSO4) in a defined medium (Slater & Sawyer, 1971) containing an NADPHgenerating system. CC14 and ADP-iron were omitted from the control incubations Hepatocytes were prepared as previously described (Poli et al., 198 la) and incubated for 60min in closed 50ml flasks at 37°C in 3ml of a defined balanced salt solution (Poli et al., 1979) at 5 x 106-10 X 106 cells/ml in the presence of ADP-iron (2.5 mM-ADP, I00pM-FeCl3) or CC14 (final concentration 129pM; see Poli et al., 1979) . CC14 was added to the centre well and allowed to diffuse into the closed system. Cell viability was checked before and after the incubation by Trypan Blue exclusion and by lactate dehydrogenase release (Poli et al., 1979) . The release of carbonyls into the extracellular medium was studied in some experiments with isolated hepatocytes; after incubation for 60min at 37°C the hepatocyte suspension was centrifuged at 50g for 10min at room temperature, and both the pellet and supernatant solution so obtained were analysed for carbonyls as described below.
Formation of derivatives and extraction
The following modification of the procedure of Esterbauer et al. (1982) . The individual fractions were scraped off the plates and eluted three times with 0ml of methanol, the eluate being collected by centrifugation. The material remaining at the origin was adjusted to 1 ml in methanol, whereas the three non-polar fractions (hydroxyalkenals, osazones and alkanals) were further purified by t.l.c and collected as in the first step, then adjusted to 1 ml in methanol. The carbonyl content of each fraction was estimated spectrophotometrically . The individual hydrazones of each fraction were separated by h.p.l.c., with the conditions indicated in the Figure legends. Peak identification and quantification was achieved by separating authentic standards under identical conditions.
Other analytical procedures
Malonaldehyde was measured by the thiobarbituric acid assay (Slater & Sawyer, 1971) and by a direct h.p.l.c. method (Esterbauer & Slater, 1981) . Microsomal fatty acids were measured as previously described . The metabolism by hepatocyte suspensions of externally added hydroxyalkenals was monitored by measuring the decrease in the aldehyde concentration in the suspension as follows: a portion of cell suspension was added to an equal volume of acetonitrile, the mixture was centrifuged and the clear supernatant was separated by h.p.l.c. as described previously (Jurgens et al., 1984) . Protein was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Results
Effects of CCl4 on carbonylformation andfatty acid composition in liver microsomes and comparison with the effects of ADP-iron In agreement with previous reports (Slater, 1967; Slater & Sawyer, 1971) , lipid peroxidation was stimulated in liver microsomes when incubated with CC14 and an NADPH-generating system, and when measured by the time-dependent increase of thiobarbituric acid-reacting substances. Since the thiobarbituric acid assay is not necessarily specific for malonaldehyde but could also give a positive reaction with a great variety of other substances (Slater, 1972; Esterbauer et al., 1982) , the formation of malonaldehyde during CCl4-stimulated lipid peroxidation in microsomes was monitored in one kinetic experiment by the more recently developed direct h.p.l.c. method (Esterbauer & Slater, 1981) , which measures malonaldehyde in the free, unmodified, form. A complete agreement (correlation coefficient r = 0.993) was found between the two methods, demonstrating that only free malonaldehyde is measured by the thiobarbituric acid assay under these conditions (incubation at 37°C for times ranging from 10 to 180 min, and-with 8.6mM-CC14; other conditions as indicated in the Experimental section). Other lipid-peroxidation end products were not significant contributors to the thiobarbituric acid reaction, although they are present at rather high concentrations in the samples studied, as is shown below; for this reason the thiobarbituric acid assay alone is an insufficiently reliable index of the total extent of the peroxidation processes.
As shown in Table 1 , the stimulation oflipid peroxidation in liver microsomes by CC14 leads to the production of 14.2nmol of malonaldehyde/mg of protein (average for five experiments) compared with 5.6nmol/mg of protein in the controls, in addition to 38.2 nmol/mg of protein of carbonyls other than malonaldehyde, 52% of which were polar and 48% non-polar. With the same microsomal suspensions, incubations were also performed in the presence of ADP-iron and an NADPH-generating system. Under the experimental conditions used the formation of malonaldehyde and other carbonyls was significantly higher than with CC14 treatment: after 30min of incubation 76.8 nmol of malonaldehyde/mg of protein and 144nmol of other carbonyls/mg of protein were formed (Table 1) . The values obtained here are higher than in our previous report as a consequence of the improvement of the extraction procedure leading to a more complete recovery of the aldehyde associated with the microsomal membrane; in consequence, the Vol. 227 values given are quantitatively more reliable than previously reported , and can be compared directly with the corresponding values for lipid peroxidation stimulated by CC14. Freshly prepared microsomes contained no detectable amounts of malonaldehyde and only trace amounts of other endogenous carbonyls, which were not sufficient for quantitative analysis. The carbonyls produced during CC14 and ADPiron treatment of liver microsomes were quantitatively analysed after their preseparation by t.l.c. into one class of polar and three classes of nonpolar compounds, which are categorized by the three zones that they occupy on the t.l.c. plates: the three classes of non-polar carbonyls representing 4-hydroxyalkenals (zone I), osazones (zone II), and alkanals, 2-alkenals and ketones (zone III). The justification for such categorization can be found in Esterbauer et al. (1982) .
The distribution within these three classes of non-polar compounds relative to total carbonyl production was 8% zone I, 6% zone II and 21% zone III for the CC14 system, whereas the values in the ADP-iron system were respectively 9%, 7% and 14%. The individual carbonyls present in each zone were then qualitatively analysed by h.p.l.c., as illustrated in Figs. 1 and 2 as examples. Zone I consisted mainly of 4-hydroxyalkenals, e.g. 4-hydroxyhex-2-enal, 4-hydroxynon-2-enal and 4-hydroxynona-2,5-dienal. The last-mentioned aldehyde was identified only by means of its mass spectrum, but the others were identified by use of standard reference compounds as well as by mass spectrometry. No significant qualitative difference was found between the patterns of the zone I carbonyls obtained from ADP-iron-treated or CCl4-treated microsomes, despite a striking quantitative difference, which is also evident from the values reported in Table 1 .
Zone III consisted mainly of alkanals (propanal, pentanal, hexanal), 2-alkenals (propenal, pent-2-enal, hex-2-enal, hept-2-enal, oct-2-enal, non-2-enal), ketones (butanone, pentan-2-one, pentan-3-one) and deca-2,4-dienal. Again no significant qualitative differences were observed in the patterns of products resulting from exposure to the two pro-oxidant agents, although quantitative variations occurred. The data in Fig. 2 considerably amplify the information given previously Retention time (min) Fig. 1 . Separation by h.p.l.c. of the dinitrophenylhydrazones of the non-polar carbonyl compounds produced by rat liver microsomes incubated in the presence of 8.6mM-CCl4 for 30min Zone I is the class of hydroxyalkenals recovered by t.l.c. separation (see Table 1 ): 1, 4-hydroxyhex-2-enal; 2, 4-hydroxynona-2,5-dienal; 3, 4-hydroxynon-2-enal. Zone III is the class of alkanals, 2-alkenals, alkadienals and ketones recovered by t.l.c. separation (see Table 1 ): 1, propenal; 2, propanal; 3, unknown; 4, but-2-enal; 5, butanone; 6, pent-2-enal; 7, pentanal; 8, pentan-2-one; 9, pentan-3-one; 10, hex-2-enal; 1 1, hexanal; 12, hepta-2,4-dienal; 13, hept-2-enal; 14, oct-2-enal; 15, non-2-enal; 16, deca-2,4-dienal. The dinitrophenyl-hydrazones obtained from 14ml of microsomal incubation medium (14mg of protein) were dissolved in I ml of methanol, and 20M1 was separated on a 5p-Spherisorb ODS column (4.6mm x 250mm) with methanol/water (31:9, v/v) at a flow rate of I ml/min, 378 nm detector wavelength, 0.04 absorbance unit full scale and ambient temperature. (Reynolds, 1967) and crosslinked lipid materials (Frank & Link, 1984) .
Eflects of CCI4 and ADP-iron on the production of carbonyls by isolated hepatocytes Isolated hepatocytes were incubated in the presence of 0.129mM-CCl4 or ADP-iron (2.5mM-ADP; 0.1 mM-FeCI3), and malonaldehyde and other carbonyls formed after 60min of incubation wete analysed essentially as described above for the microsomes; Table 2 gives the results obtained. It can be seen that both CC14 and ADP-iron stimulate the production of malonaldehyde and non-polar carbonyls. However, CC14 does not stimulate the production of polar carbonyls, and, as a consequence, the production of total carbonyls is not significantly different from the controls. Although the results with ADP-iron are few in number, there is a clear tendency for large increases in total carbonyls and total polar carbonyls in addition to the effects already noted above.
The non-polar fraction in CC14-treated cells consisted mainly of hydroxyalkenals (21%), osazones (10%) and alkanals with 2-alkenals and ketones (69%). In the cells treated with ADP-iron the corresponding values were 24%, 28% and 48%. These distributions are quite similar to those found with microsomes (Table 1) . With the CC14 system the formation of non-polar carbonyls is favoured over that of malonaldehyde. In fact, each 1 mol of malonaldehyde formed is accompanied by the production of about 5mol of non-polar carbonyls and 9 mol of total carbonyls. On the other hand, in the case of the ADP-iron system only 1.5mol of non-polar and 4.5mol of total carbonyls correspond to 1 mol of malonaldehyde formed. This difference still exists if all the values are corrected for zero-time values. There are substantial qualitative differences therefore in the relative productions of malonaldehyde and other carbonyls when isolated hepatocytes are incubated with CC14 or ADPiron. The individual carbonyls present in each of the non-polar carbonyl fractions listed in Table 2 were analysed by h.p.l.c. Examples from a typical experiment are shown in Fig. 3 for zone III components. Peak identification was as described above. Major carbonyls present in zone III were alkanals, with chain lengths from 3 to 10 carbon atoms, and butanone. No major qualitative difference existed between CCl4-treated samples and ADP-iron-treated samples. Zone I consisted mainly of 4-hydroxyhex-2-enal, 4-hydroxynon-2-enal, 4-hydroxynona-2,5-dienal and some other as yet unidentified carbonyls. As in the case of microsomes, zone II and the polar carbonyls gave complex h.p.l.c. chromatograms, and definite peak identifications are not yet completed.
The quantitative distribution in the experimental samples of the major aldehydes mentioned above are given in Table 3 The dinitrophenylhydrazone derivatives were pre-separated by t.l.c. as described in the Experimental section: zone III was dissolved in 1 ml of methanol, and 20pl was separated on a 5p-Spherisorb ODS column with a linear gradient from methanol/water (7: 3, v/v) to 100% methanol in 25min, followed by 100% methanol for 10min, at a flow rate of 1 ml/min, wavelength 378nm, 0.025 absorbance unit full scale and ambient temperature. A reference mixture of standards composed of n-alkanals (Cl to Cll) and 2-alkenals (C6 to C10) was used to identify the peaks in the cell extracts. The peak identifications decided in this way were: 3, propanal; 4, butanal; B, butanone; 5, pentanal; 6, hexanal; 7, heptanal; 8, octanal; 9, nonanal; 10, decanal. Vol. 227 well as in microsomes after ADP-iron or CC14 treatment. The longer-chain alkanals (heptanal, octanal, nonanal and decanal) found with intact cells were not found in microsomes and appear to be endogenous metabolic products of the incubated isolated liver cells.
Butanone has been reported as an autoxidation product of cholesterol (Smith, 1981) . This ketone .was also found in all the experiments performed with isolated liver cells. Both CC14 and ADP-iron treatment seemed to increase the cellular content of butanone, but the high variability (e.g. 160 + 93 nmol/108 cells with CC14; 86 + 83 nmol/ 108 cells with ADP-iron) does not permit the conclusion that butanone is a lipid-peroxidation product in these experiments with whole cells. In other experiments, not reported here, we failed to detect butanone in microsomal suspensions.
4-Hydroxyhex-2-enal and 4-hydroxynon-2-enal were also consistently found in the liver cell extracts. In some experiments a peak with the retention time of 4-hydroxyoct-2-enal was also found. Only the amount of 4-hydroxynon-2-enal recovered from the cell suspension appears to be in any way related to the extent of lipid peroxidation, and the 4-hydroxyhex-2-enal content did not show any variation between the peroxidized and nonperoxidized cells. Metabolism of aldehydes by intact hepatocytes and their distribution between intracellular and extracellular compartments
The amounts of 4-hydroxyalkenals found in isolated hepatocyte suspensions after incubation with CC14 or ADP-iron are very much lower than with corresponding incubations of microsomes (compare Tables 1 and 3 ). These large differences are suggestive of rapid metabolism of the aldehydic materials by intact cells so that the concentration found represents a competition between the rates of formation and metabolism. To confirm the hypothesis that hydroxyalkenals may be metabolized by intact hepatocytes, cells were incubated in the presence of externally added 4-hydroxypent-2-enal, 4-hydroxyoct-2-enal and 4-hydroxynon-2-enal (all present in 0.1 mM concentration). As shown by a typical experiment (Fig. 4) , aldehydes were rapidly consumed by liver cells: 0.2 x 106 cells (in 1 ml of incubation medium) metabolized 90% of the added 4-hydroxynon-2-enal in 12min of incubation at 37°C. Such high activity may explain the low recovery of this type of aldehyde from peroxidized liver cells. Variation in the metabolic rate of different cell preparations might also be in part responsible for the high variability in the experimentally obtained data.
Finally, experiments were performed in order to check the possibility that carbonyls generated in CC14 showed that about 50% of the total amount of non-polar carbonyls can actually be found in the incubation medium. When hepatocytes were treated with CC14 for 60min and then centrifuged, 48% of the total non-polar carbonyls were found in the cellular pellet and 52% in the supernatant medium; a practically identical ratio was obtained in the absence of CC14. Similar experiments in which only the distribution of malonaldehyde was monitored have led to the same conclusion (Poli et al., 198 lb) . The high amount of extracellular carbonyls cannot be due to leakage from dead cells, as 90-95% of the hepatocytes retained their integrity at the end of the incubation period, as determined by Trypan Blue exclusion and by the measurement of the release of lactate dehydrogenase.
Discussion
It has now been found that an almost complete recovery of the non-polar aldehyde products of lipid peroxidation in liver microsomes and cells is possible by employing a Folch-type extraction; subsequent use of h.p.l.c. permits the separation of all the constituents in the complex mixture (see Figs. 1 and 2 ).
CC14 iS a rather weak stimulator of microsomal lipid peroxidation when compared with the effect of ADP-iron; moreover, CCl4-stimulated lipid peroxidation results in a smaller ratio of carbonyl compounds produced/polyunsaturated fatty acids lost (52 :130 and 221 :235 respectively). Thus peroxidations of liver microsomes stimulated by ADP-iron or CC14 have different stoichiometries. This may be due to the two pro-oxidant stimuli acting on the polyunsaturated fatty acids in different ways (perhaps by the initiating freeradical species having some considerable degree of selectivity in their loci of interaction with the fatty acid chains), or through a different pathway of degradation of the lipid hydroperoxides in the presence of relatively high iron concentration in the case of the ADP-iron stimulus. Another contribution to the difference in stoichiometry results from the covalent binding of the trichloromethyl group to polyunsaturated fatty acids; this can result in dimeric and polymeric fatty acid structures by inter-chain reactions, and will lead to an increased loss of polyunsaturated fatty acid relative to the production of carbonyl compounds.
Despite the large quantitative differences in the carbonyl content between control, CC14-treated and ADP-iron-treated groups, no significant qualitative differences could be detected between the three peroxidizing systems (Table 2 and Figs. 1 and 2). In each case free malonaldehyde was present as the major individual aldehydic substance, comprising 20.4% (control), 27.1% (CC14) and 34.7% (ADP-iron) of the total carbonyls formed in the peroxidation process. Our previously developed h.p.l.c. technique (Esterbauer & Slater, 1981; Esterbauer et al., 1984) permits the measurement of free malonaldehyde present in biological samples without interferences by other malonaldehyde-like material that would give a positive reaction in the thiobarbituric acid assay. In this investigation we have found that CC14 stimulation produces only free malonaldehyde and no detectable precursors that would otherwise give a positive thiobarbituric acid reaction. In previous studies, similar agreement between the h.p.l.c. assay and the thiobarbituric acid reaction has also been found in the ADP-iron-stimulated liver microsomal lipid peroxidation (Esterbauer & Slater, 1981) and in various tissue fractions exposed to different pro-oxidant stimuli . It can therefore be concluded that in biological systems possible precursors for free malonaldehyde such as the endoperoxides immediately break down and release the malonaldehyde into the aqueous incubation medium.
Isolated microsomes are a good model system for studying the basic chemistry of stimulated lipid peroxidation in a biological situation, and to analyse the chemical nature of the immediate, secondary and tertiary peroxidation products.
Such basic knowledge is a prerequisite for discussion of the effect and significance of lipid peroxidation in more-complex systems such as isolated hepatocytes or the living animal. The background knowledge gained from studies on microsomes facilitated the investigation of the question as to whether isolated hepatocytes respond to prooxidant stimuli with the formation of lipogenic carbonyls. It is well established that isolated hepatocytes peroxidize when exposed to CCI4 or ADPiron (Poli & Gravela, 1982; Poli et al., 1983) , as demonstrated by an increased production of malonaldehyde. Increases also occur in fluorescent by-products, in chemiluminescent emission and in alkane formation (Tomasi et al., 1983; Smith et al., 1982) ; similar findings have been reported for microsomes incubated with CC14 (Beswick et al., 1981) . As with isolated microsomes, complexed iron is a more powerful pro-oxidant stimulus in isolated hepatocytes than is CC14 (308 compared with 87 nmol of malonaldehyde/ 108 cells). The ratio of the malonaldehyde produced upon iron stimulation to malonaldehyde produced upon CC14 stimulation is 5.4: 1 for microsomes and 3.5: 1 for hepatocytes. In addition to malonaldehyde, large quantities of other carbonyls are present in cells exposed to ADP-iron or CC14. The respective values were 1650nmol/108 cells (ADP-iron) and 923 nmol/1 08 cells (CC14). Moreover, from the similarities of the various classes of carbonyl compounds, and the aldehyde patterns obtained by h.p.l.c. separation, it appears that no qualitative difference occurs between the products formed in intact liver cells after stimulation of peroxidation by ADP-iron or CC14.
Liver cells have powerful systems to metabolize various types of aldehydes (Weiner & Wermuth, 1982) . 4-Hydroxyalkenals are very rapidly consumed by isolated hepatocytes (Fig. 4) , and therefore the aldehyde concentrations actually measured are steady-state concentrations. Assuming a liver cell volume of 3.6 x 10-12 litre, the following approximate intracellular concentrations of carbonyls in CC14-intoxicated cells can be calculated from the values in Tables 2 and 3: total carbonyls 2-5mM, hexanal 90uM, hydroxynon-2-enal 7 JM and butanone 0.45 mm. These concentrations are at the lower end of the range of concentrations that have effects on enzyme functions in vitro (for review see Dianzani, 1982) . However, the lipophilic nature of some aldehydes (e.g. 4-hydroxynon-2-enal) may lead to their accumulation in the biomembranes, resulting in much higher concentrations than in free solution.
Aldehydes generated within the hepatocytes can be released to a significant extent into the surrounding medium (Table 4 ). In the incubation systems with 5 x 106-10 x 106 cells/ml the aldehyde concentration in the medium is extremely low as a result of a dilution effect. From the values in Table   Vol. 227 2 and 4 the concentration of total non-polar carbonyls in the medium can be calculated to be about 50pM. In the situation in vivo the concentration in the extracellular space in the immediate neighbourhood of the cells might be orders of magnitude higher. Such ildehydes can therefore spread out from the site of their origin, reach critical targets far away and induce so-called 'longrange' effects (Slater, 1976) .
